Objective: Alternative endovascular strategies using parallel or snorkel/chimney (chimney endovascular aneurysm repair [ch-EVAR]) techniques have been developed to address the lack of widespread availability and manufacturing limitations with branched/fenestrated aortic devices for the treatment of complex abdominal aortic aneurysms. Despite high technical success and midterm patency of snorkel stent configurations, concerns remain regarding the perceived increased incidence of early gutter-related type Ia endoleaks. We aimed to evaluate the incidence and natural history of gutter-related type Ia endoleaks following ch-EVAR.
Originally described by Greenberg et al, 1 the snorkel/ chimney technique (chimney endovascular aneurysm repair [ch-EVAR]) was first employed as an endovascular aneurysm repair (EVAR) bailout procedure using balloon-expandable bare metal stents to maintain renal patency during deployment of aortic main body devices in very close proximity to the renal ostia. Increasing operator experience led to technical refinement and a growing appreciation for an adequate proximal seal zone. The conceptual basis for ch-EVAR involves deployment of one or more stent grafts parallel to the main aortic endograft to generate cranial extension of the proximal seal zone with preservation of branch vessels, thereby providing an alternative treatment for patients with hostile neck anatomy or inadequate infrarenal neck length. Until recently, available outcomes from ch-EVAR procedures have been limited to small single center series. [2] [3] [4] [5] [6] In 2015, however, Donas et al 7 published results from the PERICLES (Performance of the chimney technique for the treatment of complex aortic pathologies) registry, the largest worldwide ch-EVAR experience featuring a total of 898 snorkel stents placed in 517 patients, resulting in a technical success rate of 97.1%, elective 30-day mortality of 3.6%, and primary branch vessel patency of 94% at a mean follow-up of 17.1 months.
Despite encouraging early and midterm outcomes, concerns remain regarding the durability of ch-EVAR vis-à-vis fenestrated or branched repair. The oftdebated issue regarding the inevitable formation of so-called "gutters" between the parallel and main aortic stent grafts, specifically as it relates to the potential for compromised proximal seal and insufficient aneurysm sac exclusion, appears justified given variability in the reported incidence of postprocedural type Ia endoleaks and uncertainty regarding their ultimate clinical relevance. Indeed, type Ia endoleak is frequently regarded as the Achilles heel of parallel graft strategies. We aim to provide a novel approach to examining the feasibility of the snorkel/chimney technique by evaluating the incidence and detailed natural history of early gutter-related type Ia endoleaks following ch-EVAR.
METHODS
Study population. Between September 2009 and January 2015, all patients treated for complex abdominal aortic aneurysms (AAAs) using an endovascular parallel graft strategy at a single institution were enrolled in a prospective observational cohort study approved by our local Institutional Review Board. Informed consent was obtained from all study participants. All patients were deemed high risk for open aortic reconstruction and considered anatomically unsuitable for conventional EVAR with a standard infrarenal stent graft per device instructions for use. Only procedures involving one or more renal artery snorkel stents, alone or in combination with visceral snorkel stents, were included in this analysis. Ch-EVAR procedures using a fenestrated proximal main body and/or periscope stent configuration were included only if the aforementioned inclusion criterion involving presence of one or more concomitant renal snorkel stents was met. Patient demographics, serial radiographic imaging studies, procedural metrics, and clinical outcomes were collected and retrospectively analyzed.
Imaging analysis and definitions. Computed tomographic angiography (CTA) was used as the gold standard imaging modality for all assessments of endoleak and aneurysm sac size. A dedicated workstation (TeraRecon, Foster City, Calif) was used to create threedimensional reconstructions using serial postoperative CTAs. Centerline reformatted images were used to analyze all endoleaks. A gutter-related type Ia endoleak was defined as the persistence of a perigraft channel of blood flow between the parallel snorkel stent(s) and intra-aortic main body endograft at the proximal attachment zone as a result of inadequate seal. Radiographically, endoleaks were determined to be gutter-associated if they were in continuity with the perisnorkel graft channels but with otherwise adequate wall apposition along the remaining circumference of the proximal main body graft. Early type Ia endoleaks included those detected on contrast-enhanced crosssectional imaging obtained within 30 days of the procedure. Gutter endoleaks were arbitrarily classified as either "short" or "long" based on degree of caudal extension of the proximal endoleak relative to the aneurysm sac. Length of gutter endoleak was determined first by visualizing the endoleaks using centerline three-dimensional reconstructions and subsequently using two-dimensional axial rotation along the centerline to determine the most distal extent of endoleak flow. This location was then marked in the software and a distance measured between that mark and the most inferior graft fabric of the lowest renal snorkel stent at the renal take-off: "short" gutter endoleaks were defined as those confined to the perigraft channel or those terminating within 10 mm of the most inferior snorkel stent and not associated with aneurysm sac perfusion, whereas "long" gutter endoleaks were defined as those extending >10 mm below the most inferior snorkel stent and/or extending into the aneurysm sac.
Type Ia endoleak-associated secondary procedures were defined as reinterventions because of the persistence of a gutter-related type Ia endoleak in combination with >5-mm aneurysm sac diameter growth confirmed by angiography. Aneurysm sac diameters were considered stable if <5 mm of growth was noted on postoperative surveillance imaging. Resolution of gutter-related type Ia endoleaks refers to interval absence of contrast noted in the perigraft channels between the aortic main body and parallel snorkel stents on postoperative CTA.
Outcome measures. Primary outcome measures included incidence and natural history of early gutterrelated type Ia endoleak following ch-EVAR, specifically as it relates to either spontaneous resolution or persistence of gutter endoleak on postoperative surveillance Snorkel/chimney EVAR technique. All procedures were performed in our hybrid endovascular suite with a fixed floor-mounted imaging Artis zee system (Siemens Medical Solutions USA, Malvern, Pa). We planned for a minimum of 10 mm of nondiseased neck and placed snorkel stents in single renal, bilateral renal, or, when necessary, superior mesenteric artery (SMA)/celiac branches to maintain adequate proximal seal. When more than two snorkel stents were required, we used either a sandwich strategy with stacked endograft cuffs and a maximum of two snorkel stents in a particular plane or the periscope configuration with downward pointing parallel endografts to provide additional branch preservation. In our more recent experience, the snorkel approach has been used as an adjunct in select fenestrated cases where challenging renovisceral anatomy cannot be fully accounted for by current Food and Drug Administration-approved customized fenestrated devices (eg, a renal artery with origin at a similar level as the SMA) or severe downward renal angulation that limits cannulation from a transfemoral approach.
ARTICLE HIGHLIGHTS
Our standardized technique for ch-EVAR has been previously described. 2 Briefly, ch-EVAR was performed by a two-surgeon team working from the right femoral and left axillary positions. Antegrade renal/visceral access is obtained from open exposure of the left axillary or proximal brachial artery. Using the transbrachial approach, target branch vessels are catheterized using 260-cm long hydrophilic guidewires and a shaped catheter. Balloon-expandable covered iCAST stents (Atrium Medical, Hudson, NJ) or Viabahn low-profile self-expanding covered stents (W. L. Gore and Associates, Flagstaff, Ariz) are advanced into the target branch vessel as dictated by the tortuosity of the proximal branch vessel and its axis with the aorta. The standard main body endograft is deployed below the most proximal target vessel not being stented. To optimize apposition of the aortic and snorkel stents and minimize the potential for gutter formation, we typically aim for approximately 20%-30% oversizing of the main body device (compared with 10%-20% oversizing used for conventional infrarenal EVAR). This degree of device oversizing was independent of the number of snorkel stents planned. A deliberate sequence of deployment and balloon molding is subsequently performed in a "triple kissing" fashion to optimize theoretical seal and minimize the potential for "gutter" channels at the junction of the snorkel stents and main body endograft. Clinical follow-up included physical examination with serum creatinine level and CTA within 1 month of the procedure, as well as at 6 months, 1 year, and annually 
RESULTS
Sixty patients (70% male; mean age, 75.8 6 7.6 years) underwent ch-EVAR during the study period. Fifty-one of the 60 patients in this cohort were included as part of the original PERICLES registry. 7 Demographics of the study population are reported in Table I . Indications for ch-EVAR included short-neck infrarenal AAA in 24 patients, de novo juxtarenal AAA in 17 patients, migration of a previously placed aortic endograft resulting in a type Ia endoleak in 11 patients, para-anastomotic aneurysm following prior open aortic reconstruction in 5 patients, suprarenal AAA in two patients, and type IV thoracoabdominal aneurysm in one patient. The majority of procedures (n ¼ 53 [88.3%]) were performed electively; however, 13.2% of cases were performed urgently/emergently because of rapid aneurysmal growth (n ¼ 6) or presence of symptoms (n ¼ 1).
Anatomic and procedural data are demonstrated in Table II . Aortic main body grafts included 25 (41.7%) Zenith bifurcated systems (Cook Medical, Bloomington, Ind), 12 (20.0%) Zenith fenestrated devices (Cook Medical), 9 (15.0%) Renu proximal cuffs (Cook Medical), 8 (13.3%) Endurant (Medtronic Vascular, Inc, Santa Rosa, Calif), 2 (3.3%) Excluder (W. L. Gore and Associates), 2 (3.3%) Ovation (Endologix, Santa Rosa, Calif), 1 (1.7%) Talent (Medtronic Vascular, Inc), and 1 (1.7%) TX2 (Cook Medical). A total of 111 snorkel stents were placed, which included unilateral renal snorkels in 14 patients, bilateral renal snorkels in 33 patients (including one renal snorkel combined with one renal periscope), and celiac/SMA/ renal combinations in 13 patients (including one renal periscope combined with two snorkels). The mean diameter snorkel stent size of the renal and SMA vessels was 6.2 6 0.7 mm and 7.2 6 0.7 mm, respectively. Stent diameters where generally 1 mm larger relative to the diameter of the native branch vessel. Snorkel stent lengths ranged from 38 to 59 mm and were influenced based on tortuosity and presence of early branching of the renal or SMA vessels. Mean radiologic follow-up was 20.9 6 21.2 months.
Gutter-related type Ia endoleak. Twenty-one (35.0%) gutter-related type Ia endoleaks were noted on completion angiography despite attempted corrective maneuvers intraoperatively (eg, repeat kissing balloon technique). Seven of these angiographically determined gutter endoleaks resolved spontaneously and were not seen on initial postoperative imaging. In total, 18 gutterrelated type Ia endoleaks were noted on first postoperative CTA (30.0%), including four patients who had no identifiable endoleak on completion angiogram. One-half of these gutter endoleaks detected on CTA extended into the aneurysm sac and were classified as long (n ¼ 9; Fig 1) , whereas the remaining one-half were deemed short (n ¼ 9; Fig 2) . Type II endoleaks were also noted in 12 (20%) patients on initial postoperative imaging, with one-half of these patients having concomitant type Ia endoleaks. (Fig 3, A) . There was no significant difference in the rate of spontaneous resolution of gutter-related endoleaks when stratified by short vs long (Fig 3, B) . Aneurysm type, baseline anticoagulation usage, degree of main body oversizing, new neck length, number of snorkel stents, stent type and diameter, snorkel configuration (parallel vs crossed), neck thrombus and calcification, and other clinical/anatomic variables were not significantly associated with early type Ia endoleaks on multivariate analysis.
The early gutter-related type Ia endoleak-associated reintervention rate was 3.3%, representing only two of the 60 patients in the overall cohort. The first patient represented the only endovascular repair in this cohort utilizing the sandwich technique with four snorkel stent configuration to exclude a 6.2-cm type IV thoracoabdominal aortic aneurysm. Because of presence of type Ia endoleak and progressive aneurysm sac expansion (>5 mm) noted on serial postoperative imaging, he underwent successful proximal cuff placement and neck "lengthening" with extensions to his previously placed celiac and SMA snorkel stents 7 months Aneurysm sac regression. Mean aneurysm sac regression for the entire cohort at latest follow-up was 5.3 6 11.0 mm and was not significantly different based on presence or absence of early gutter-related type Ia Table III) . While preoperative and follow-up aneurysm sac size was similar between those with and without type Ia endoleaks, significant sac regression after ch-EVAR was achieved in both groups relative to their respective preoperative measurements. Aneurysm sac growth of any degree on follow-up imaging was not significantly different between groups, occurring in five patients (11.9%) without early type Ia endoleak (>5-mm growth; n ¼ 2) and in three patients (16.7%) with early type Ia endoleak (all >5-mm growth). Of the three patients with sac expansion in the setting of type Ia endoleak, one expired 4 months postoperatively from a myocardial infarction, one is awaiting secondary intervention as detailed earlier, and one was noted to have spontaneous resolution on surveillance imaging. The two patients with sac expansion in absence of early type Ia endoleak included the single patient with late type Ia endoleak development who underwent attempted secondary intervention, as well as a patient who underwent successful embolization of a type II endoleak and later sac regression on follow-up imaging.
No differences in sac behavior or other clinical outcomes were noted between short and long type Ia gutter endoleaks (Table IV) .
Mortality and morbidity. Two patients died within 30 days of the procedure (3.3%), both early in our ch-EVAR experience. One death occurred in a patient who received bilateral renal snorkels and was readmitted 1 week postoperatively with pneumonia and ultimately died because of sepsis. The other early death occurred in a patient who underwent triple snorkel stent placement requiring bilateral axillary access, which was complicated by iliac rupture prompting need for an endoconduit. This patient awoke with a moderate right hemispheric stroke that progressed over 5 days to a hemorrhagic infarct. The family elected comfort care measures, and she expired. Postoperative imaging in both of these patients demonstrated successful endovascular exclusion of juxtarenal aneurysms and patent snorkel stents. Periprocedural morbidity included non-ST elevation myocardial infarction in three patients and decompensated Continuous variables are presented as mean 6 standard deviation and categorical variables are presented as number (%). a Comparison between groups with and without presence of early type Ia gutter endoleak on initial postoperative imaging. b Represents statistically significant (P < .05) difference in aneurysm sac size between preoperative and follow-up measurements within each group using paired group analysis. c Defined as aneurysm sac growth <5 mm on postoperative surveillance imaging.
congestive heart failure in one patient. No coronary revascularization was required in any of these patients. At a mean clinical follow-up of 27.8 6 18.2 months, there have been five additional late deaths of cardiac origin. No late aneurysm-related deaths have been recorded.
DISCUSSION
As noted in a prior meta-analysis, 8 it appears paradoxical, whether intuitively or geometrically, that a parallel series of cylindrical tubes (representing the snorkel/chimney and main aortic endografts) positioned within a larger nonuniform cylinder (representing the native aorta) can direct systemic arterial blood flow exclusively through the lumen of the stent grafts and not into the perigraft channels, or gutters, that inevitably form between the grafts and the aortic wall. Nevertheless, the efficacy of the snorkel/chimney approach in EVAR has been demonstrated in multiple early experiences [2] [3] [4] [5] and, more recently, corroborated by two large multiinstitutional studies. 7, 9 Despite increasing popularity and high technical success noted in these reports, the perceived increased incidence of early gutter-related type Ia endoleaks using the snorkel approach remains the primary criticism of this technique. To further inform the debate, the present article is the first to provide a dedicated analysis on the natural history of gutterrelated type Ia endoleaks after ch-EVAR. Our early gutter-related type 1a endoleak rate of 30% is consistent with the 0% to 37.5% rate noted in previous reports.
2-9 Some of these reports include only those gutter endoleaks noted on completion angiography, whereas others note only those detected on the initial postprocedural cross-sectional imaging study. Others report the aggregate sum of proximal endoleaks of any severity identified on one of two complementary imaging modalities at any point along the entire 30-day perioperative period. We believe that completion angiography may not provide an accurate reflection of true gutter endoleaks as they may be transient as a result of intraoperative blood pressure fluctuations, systemic anticoagulation, or difficult to differentiate from a slow type II endoleak. Publication bias, and the fact that over threefourths of our cases required two or more snorkel stents, may also have contributed to our increased gutter endoleak rate compared with other published series. We also did not discriminate between those oft-described delayed, small volume (eg, "low flow"), or "short" endoleaks and the more rapid, large volume (eg, "high flow"), or "long" type Ia gutter endoleaks. Comparison across studies is admittedly limited by nonstandardized protocols and a heterogenous mix of both aneurysm morphologies and devices used. Despite the relatively common occurrence of early gutter-related type Ia endoleaks in our study, the majority resolved spontaneously over the follow-up period without the need for reintervention. The rate of spontaneous resolution of gutter-related endoleaks was 65.2% within 1-year of ch-EVAR and increased to more than 88% by 18-months postprocedure. Similar observations of early spontaneous resolution have been noted in other series. 5, 6, 10 It has been proposed that interaction of blood with the graft and elastic deformation of the native aorta at the proximal seal zone, combined with a local relative decrease in velocity and increase in blood viscosity, predisposes to progressive thrombus formation in the gutters between adjacent parallel stent grafts. 8 Such a mechanism supports the general belief that likelihood of spontaneous resolution of flow in the gutter is proportional to the length and inversely proportional to the cross-sectional area of the gutter. Since case planning and stent graft conformability is geared toward minimizing the area of potential gutters, type Ia endoleaks in ch-EVAR are commonly low-flow and, unlike proximal endoleaks in other endovascular repairs, often do not require reintervention. Interestingly, we noted no difference in the rate of spontaneous resolution of early type Ia endoleaks between our described short and long type Ia gutter endoleaks. In a metaanalysis by Wilson et al, 11 which evaluated 234 patients from 24 studies, only five type Ia endoleaks (not classified by diameter, length, or volume) were treated among the 13 originally diagnosed at a mean follow-up of 12.1 months.
Recognizing that resistance to flow is proportional to the length of the perigraft flow channel, the length of the "new" neck created by apposition of the snorkel stent(s) and main aortic body is a common area of focus in preparing for these procedures. We selected our threshold sealing length based on the fact that most devices with suprarenal fixation have decreased the traditional minimum infrarenal neck length from 15 to 10 mm, although the minimum length of the gutter required to achieve adequate proximal seal and to promote thrombosis of associated gutters remains unknown. The theoretical advantage of longer sealing zone, however, has not been corroborated in vivo and comes at the expense of increased risk for snorkel stent thrombosis. Patients in our series with early type Ia endoleaks paradoxically trended toward a longer mean new neck length. In addition, the question of optimal oversizing remains unknown. In vitro data has shown that increased oversizing does yield reduction in gutter areas but also generates significantly more infolding of the main endograft with extreme (>30%) oversizing. 12 We were unable to confirm several of our other procedural biases. It is our preference, for instance, to use main body endografts with suprarenal fixation to augment conformability of the parallel grafts by "pinning" the snorkel grafts against the aortic wall. The infrequent use of infrarenal devices in our series, however, limits any comparisons in this regard. A similar preference for suprarenal fixation was noted in the PERICLES registry, 7 whereby superb clinical outcomes were achieved, including a 2.9% type Ia endoleak on completion angiography, using the Zenith (Cook Medical) or Endurant (Medtronic Vascular, Inc) devices in nearly 70% of cases worldwide. In addition, we have gravitated toward preferential use of the balloon-expandable covered stents owing to their increased procedural efficiency, better visibility, and improved radial strength. Multiple reports, including ours, have noted a trend toward fewer type Ia endoleaks using balloonexpandable compared to self-expanding stents. 7 A recent comparative analysis also demonstrated an increased tendency for type Ia endoleak with selfexpanding stents, even though no difference in technical success or patency was detected. 13 These findings may be a result of selection bias, however, since selfexpanding stents are typically reserved for cases involving excessive branch vessel angulation. Although there is no consensus as to the optimal combination of aortic main body and snorkel stent types, the PROTAGORAS (PeRfOrmance of The EndurAnt abdominal stent-Graft in the treatment Of paraRenal pAthologieS by the chimney technique) trial did recently report excellent outcomes using a standardized snorkel EVAR (sn-EVAR) protocol with combined Endurant (suprarenal fixation) and balloonexpandable snorkel stents. 9 The risk of late or persistent type Ia endoleaks mandates close radiologic surveillance as their presence may be associated with the need for often challenging secondary procedures or even delayed rupture. Although late type Ia endoleaks are relatively infrequent after sn-EVAR, these have been reported to occur in up to 7% of cases. 6, 9 Repeat balloon molding and relining of the chimney grafts with or without an aortic extension cuff may be sufficient in some cases. Others have reported success with coil or glue embolization of the gutters 7,9,14 and use of Aptus Heli-FX EndoAnchors (Medtronic Vascular, Inc). 15 Our early type Ia gutter endoleak-associated reintervention rate of 3.3% is also consistent with the 0%-12.5% rate cited in the literature.
2,5-8
The majority of patients (91.7%) in our cohort achieved aneurysm sac stabilization or regression following sn-EVAR independent of whether an early type Ia endoleak was detected. Even in the presence of a higher incidence of early type Ia endoleak, these findings compare favorably to the >85% rate of aneurysm sac stabilization or regression noted by others. 6, 8, 14, 16 The lack of evident causal relationship between type Ia endoleak and subsequent aneurysm sac growth may be secondary to a preponderance of low-flow proximal endoleaks, perhaps with similar flow dynamics as in type II endoleaks, or because the majority of them spontaneously resolve prior to inducing any net change on the aneurysm sac. Indeed, we now tend to manage the majority of type Ia gutter endoleaks similarly as we do type II endoleaks; that is, we follow them with close radiologic surveillance and limit reintervention to those with recurrent symptoms or evidence of aneurysm sac expansion in excess of 5 mm.
It is important to note that an inherent limitation of this study is the potential for type II statistical error, whereby there are too few complications directly related to gutter endoleaks reported in the literature by high volume centers, including ours, to fully capture the severity or clinical importance of these proximal endoleaks. Moreover, the results reported by high volume aortic centers may not be generalizable to lower volume practices. An additional limitation to our analysis is the inability to fully account for other variables that may contribute to proximal endoleak formation over time, including aortic neck dilatation, endograft tilt, migration, or check in aneurysm neck curvature. Lastly, lack of complete follow-up on some patients limits our overall ability to capture the full natural history of endoleaks.
CONCLUSIONS
Gutter-related type Ia endoleak represents a relatively frequent early occurrence after ch-EVAR but appears to resolve spontaneously in the majority of cases during early to midterm follow-up. Given that few patients require intervention related to gutter endoleaks and the presence of such endoleak does not correlate to increased risk for aneurysm sac growth, the natural history of early gutter endoleaks may be more benign than originally expected. Longer-term follow-up is required to better characterize the risk of delayed type Ia endoleak and prevent late aneurysm-related complications, as well as to further clarify the role of elective ch-EVAR in the era of branched and fenestrated technology. 
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